ABSTRACT -The nutritional and production costs associated with the development of a competent immune response against nematode parasites is described, based on data from sheep. Anorexia and changes in metabolism are considered to be driven by the host immune response itself and the question is raised about the wisdom of seeking to strengthen immune responses by genetic selection. Several phases of the immune response are identified with different implications for loss of productivity and opportunity for moderation of immune responses and production losses by nutrition. Many animals are able to manage nematode infections with little loss of productivity. In an era when attempts are being made to reduce anthelmintic use and create refugia to reduce the rate of development of drench resistance, treatments based on individual animal performance relative to production targets set by assessment of the prevailing nutritional environment will become more common. These developments, have already occurred in relation to the haematophagic nematodes, for example the "Famacha" technique.
Introduction
The widespread evidence for developing drug resistance in nematode populations during the last two decades is shifting the emphasis in livestock production systems from anthelmintic regimes which maximise livestock production to regimes which optimise livestock production while slowing or preventing the development of anthelmintic resistance. A major objective of the change has been to reduce selection pressure on the nematodes by maintaining significant populations outside the animal 'in refugia' ). The implications of this are an expectation of a greater continuous nematode larvae intake and, as a consequence, reduced productivity.
A second line of attack has been the introduction of genetic selection programmes for animals, particularly sheep, with greater resistance to nematodes. The mass screening techniques necessary to deal with large populations have meant that nematode eggs in faeces (FEC) have been adopted as a simple indirect measure of host immune responses. Evidence suggests that enhanced ability to control FEC may be associated with reduced animal performance.
Two issues have therefore assumed major importance in research. How important is a strong immune response and are FEC an appropriate tool for decision making on when to use anthelmintics?
The immune response
The immune response evolves from a non-specific 'innate' to a more specific adaptive or acquired immune response. The former is generally considered to be more costly, nutritionally, than the adaptive response. Penetration of the gastrointestinal tissues of the host activates macrophages and other cells with receptors for cell surface molecules on the nematode which induces a general inflammatory response. Antigen specific responses stimulate recruitment, direction to site and activation of leucocytes, particularly eosinophils, by a combination of mucosally produced antibodies, such as IgA and signalling of pro-inflammatory cytokines (ILI, . A secondary feature is the production of acutephase proteins in liver and intestinal tissue which are considered to be host tissue protective.
Adaptive immunity evolves through the antigenspecific programming of lymphocytes and leucocytes such as eosinophils and stimulation of the latter to degranulate and release highly toxic proteins, oxidising agents and neurotoxins in proximity to the nematodes in tissue. A different sub-set of cytokines (including IL5, IL4, IL10 and IL13 -Th2 cytokines) are considered to be involved and may also drive the recruitment of mucosal mast cells (MMC) and their regulating antibody (IgE). It is the ultimate establishment of MMC and their regulatory armature which appears to provide the effector mechanism for the memory-based mature 'acquired' or adaptive immune response.
The resources deployed are a trade-off between the cost of diverting host defence mechanisms towards an active immune response and the risk of excessive immune system activity leading to self-inflicted immunopathology (Graham et al., 2005) . These trade-offs have short and long term genetic components -individual host genotypedriven life history traits, such as growth and reproduction, and longer term population survival genetic components.
The escalating costs of mounting a more effective immune response to eliminate the last members of a parasite population under partial control by the host immune response were identified by Behnke et al. (1992) as the reasons for the failure of vertebrate hosts to have evolved sterilizing immunity against most gastrointestinal nematodes. The costs and trade-offs in sheep populations were described by Greer (2008) and Colditz (2008) summarised 6 avenues through which this immune cascade would provide a resource (nutritional) cost to the host:
1. increased metabolic activity during activation of immune system cells; recruitment of millions of leucocytes occurs and their activation can increase oxygen consumption, glucose and glutamine utilization 2 to 3 fold (Colditz, 2008) .
2. reduced nutrient availability due to anorexia and sickness behaviour;
Anorexia is a common feature of infection with most nematodes and the precise physiological reason is not known. More recent studies, in which appetite depression in naïve lambs infected with either abomasal or intestinal nematodes, was abolished by immuno-suppressed with corticosteroids (Greer et al., 2005 (Greer et al., , 2008a has suggested that immune system signalling closely associated with the generation of IgA antibody could be responsible. The anorexia seems to be associated with the acquisition of immunity, since older animals with established immunity do not show anorexia during larval challenge or change in feed intake when immune suppressed (Greer et al., 2005) .
3. altered priorities for nutrient utilization during immune activation that reduce the capacity of many nonimmune tissues to utilise nutrients; the general trend is for increased protein catabolic activity in skeletal muscle and increased anabolic activity in the liver and the alimentary tract (Yu et al., 2000) . The mechanism is not well understood though resistance to the anabolic effect of insulin, growth hormone and IGF-1 reduces nutrient utilization in peripheral tissues. These changes in settings, probably under cytokine stimulation, are consistent with the need for the acute phase protein response in the liver and GIT and the fact that muscle tissue is a prime source of glutamine, an important nutrient for leucocytes of the immune system (Lobley et al., 2001) .
4. change in size and rate of turnover of cell and protein pools of the immune system; the immune response involves rapid multiplication of subsets of T lymphocytes which have not been quantified other than in 1 above;
5. damage to host tissue caused by inappropriate or excessive activity of the immune system (immunopathology) and cost of repair;
Infections during which immune responsiveness has been suppressed using the glucocorticoid methyl prednisolone acetate (Nagasinha, 2000; Greer et al., 2005 Greer et al., , 2008a have shown that populations of nematodes much larger than those associated with severe production loss or even clinical disease (Sykes & Coop, 1976) can be maintained during primary infection without loss of performance. These studies indicate that much of the pathology of infection is self-(ie host) inflicted.
Immunosuppression did not prevent the typical increase in leakage of plasma proteins into the gastrointestinal tract (Vaughan et al., 2006) . Moreoever, both the extent of depression of appetite and the nutritional costs associated with immuno-pathology were increased with low protein intake (Greer et al., 2008b) . These findings raise the question "what is the 'appropriate' immune response and are genetic selection programmes for stronger immune responses appropriate, particularly if these have adverse effects on appetite and nutrient utilisation?" The answer may well vary with the nutritional environment in which the animal is expected to perform.
6. consequential 'long term' genetic cost from change in capacity of offspring to express production and life history traits following selective breeding or natural selection for disease resistance.
On the evidence that immune responses have costs associated with delivery it is relevant to ask how the evolutionary process has dealt with this. This was addressed in reviews by Coldtz (2008) and Greer (2008) . Perhaps unsurprisingly there is evidence for unfavourable genetic correlations between FEC and liveweight and fleece weight. Breeding lines selected for increased fleece weight, lamb growth rate or productivity indices had higher FEC (Howse et al., 1992; Morris et al., 1996; Eady et al., 1998) and the latter authors estimated that genetic selection for productivity would lead to a 1% per annum increase in FEC. Conversely flocks selected for low FEC have shown negative effects on lamb weight gain and wool production (Morris et al., , 2005 , though there are findings to the contrary (Bishop & Stear,1999) . Resistance to nematode parasites is a highly polymorphic trait and the precise immune responses invoked and their pathophysiological consequences could vary between populations and, as shown above, as a consequence of the particular nutritional and challenge environment. Suffice to say that in management of flocks and future breeding programmes care will be needed to understand the particular dynamic partitioning of nutritional resources between the immune system and production traits, and that this may vary between genotypes, and within genotypes during an individual's lifetime and as a consequence of its current nutritional environment.
The immune response and productivity
In a recent review Sykes (2008) argued that four phases can be identified in the immune response of the sheep host. The first, hypo-responsive phase, appears to occur between birth and 2-3 months of age. The reasons for this are unclear; it may simply indicate an immaturity of the immune cell system (Watson et al., 1994; Kambara et al., 1996) or programmed prioritization of nutrients towards tissue growth and away from the immune system in rapidly growing lambs (Coop & Kyriazakis, 1999) . McClure & Emery (2007) observed that the ability of weaned Merino wether lambs to limit FEC and worm burdens under secondary challenge was directly related to bodyweight during primary challenge, with bodyweight in excess of 23 kg being critical for good vaccinating response suggesting hyporesponsiveness at immature bodyweights .
If immune responses are a major cause of pathology and anorexia of infection it may well be that, despite significant FEC effects of infection on productivity could be small during this phase. In of the few studies of this phase Iposu et al. (2008) were unable to measure effects of infection with T. circumcincta larvae in either suckled or early weaned weaned lambs between 6-12 weeks of age, even though the latter had much poorer protein supply. Productivity was simply determined by nutrient (milk) supply. This raises the question as to the value of anthelmintic treatment during this phase for production benefit.
The ability to exclude nematodes from tissues is acquired during the second phase and, in 3-4 month, old, previously naïve 30 kg lambs this occurs after about 8 weeks of infection (Symons et al., 1981; Sykes & Coop, 1976; Kimambo et al., 1988) and, as indicated earlier may be dependent on body maturity (McLure & Emery, 2007) .
It is during this period of acquisition of immunity that animal productivity is most severely affected. Earlier ideas that productivity was reduced by nutrient sequestering by the nematode population,or reduced ability to digest and absorb nutrients is being replaced by the notion that the host immune response per se is responsible. Depression of feed intake, of up to 50% can occur even in subclinical infections (Coop & Sykes 2002) , and net energy (NE) deposited relative to metabolisable (ME) intake can be reduced from typical values of 20% to less than 15%. It is the damaging effects for productivity of this 'acquisition'phase of the immune response against which most anthelmintic regimes are directed and have major benefit. There is good evidence that the duration of this phase, and therefore the consequences for productivity can be shortened by increased nutrient supply, particularly protein (see reviews by van Houtert & Sykes, 1996; Coop & Sykes, 2002) and there is direct evidence for effect of enhanced amino acid supply on the rate of development and activity of gastrointestinal mucosal mast cells involved in the mature immune response (Coop et al., 1995) .
The third phase is when the host is able to limit the ability of larvae to penetrate tissues and establish. The production costs of this "mature" immunity, though not negligible, are much smaller. Eighteen-month-old sheep with established immunity and exposed to similar rates of infection to younger naïve lambs entering the acquisition phase suffered only 5 and 10% reductions in intake and NE:ME ratio, respectively, compared to 20-50 and 20-30% reductions, respectively in the lambs (Greer et al., 2005) . In a breeding flock annual bodyweight disadvantages of 3-5 kg and a reduction of 8% in number of foetuses/100 ewes have recently been attributed to nematode larval intake in mature sheep given continuous anthelmintic treatment by slow release anthelmintic capsules (West et al., 2009) .
The fourth "mature-interrupted" phase typically occurs around parturition and is described by a peri-parturient relaxation of immunity (PPRI) seen in a rise in FEC. The precise cause is unknown, but increased competition for nutrients between the developing foetus or lactation with the immune system have been postulated (Coop & Kyriazakis, 1999) . Recovery of immunity generally occurs within 6 weeks of parturition (O'Sullivan & Donald, 1970; McAnulty et al., 2001 ), but PPRI and recovery are associated with anorexia, exaggerated peri-parturient weight loss and earlier decline from peak milk production (Leyva et al., 1982; Zaralis et al., 2009) . As with the acquisition phase nutrient supply is important in determining the extent and duration of the PPRI. Positive effects of regimes which enhance ewe body condition at parturition (Kahn et al., 2003) dietary protein supply (Donaldson et al., 2001; Houdijk et al., 2003) or of body protein reserves at parturition (Houdijk et al., 2001 ) have been most effective. It is now clear that the immune system is more sensitive (i.e. is allocated a lower priority) to protein supply than milk production (Houdijk et al., 2003 (Houdijk et al., , 2009 and that the protein requirement for maintenance of immunity around parturition is at least 30% higher than conventional estimates of protein requirement of lactating ewes (Donaldson et al., 2001; Houdijk et al., 2003 Houdijk et al., , 2009 ).
Resistance or resilience-which option is best?
The finding that host immune responses may be the cause of pathology and production loss, and the findings that the consequences that these can be moderated by nutrition is leading to a re-appraisal of our approach to control measures and to greater focus on the periods when immune responses may be limiting production. It is also questioning the wisdom of selecting animals capable of maintaining low FEC. Are we, as a consequence, selecting animals with strong immune responses, whose demands lead to compromised productivity? It is raising again the issue of what we mean by the much used terms "resistance" and 'resilience' to infection. Ideally, in a production sense we seek animals with resilience to infection. But we are now beginning to ask whether this is best achieved through increasing resistance (greater ability to limit worm burden, now with implied costs of the strong immune response) or selecting animals that commit less to the immune response and are therefore more resilient because appetite is maintained and immunopathology is constrained. This really begins to describe the ideal nematode-host relationship as "commensal" in which there is minimal cost to both partners. We are beginning to wonder, especially with temperate nematodes such as T. circumcincta and T. colubriformis whether there are individuals in flocks which can manage a more commensal relationship because of lesser commitment of immune resources and whether this will depend on the nutritional environment they encounter. Le Jambre (2005) has argued the possibility of a closer commensal relationship with these nematodes due to co-evolution in central Asia and the greater pathogenicity of Haemaonchus and Oesophagostomum spp. due to their evolution in African ruminants such as antelope and more recent association with sheep as they moved to Africa. Recent work is suggesting that there are substantial numbers of sheep in flocks which manage a more commensal relationship with nematodes than their contemporaries.
Implications for flock and herd management
Until now anthelmintic treatment to prevent clinical and sub-clinical disease has been based on mass medication since there have been poor tools, including FEC, to detect only those animals in need of treatment. This approach has had the benefit of limiting continuing larval contamination of pasture but the desireability of this is now being questioned with the desire to create refugia. The development of computerisation of weighing and drafting of animals is shifting thinking towards the development of targeted specific treatments (TST) in which individual animals are treated on the basis of productivity rather than FEC or an epidemiological strategy Kenyon et al., 2009 ). This approach is predicted on an accurate assessment of the quality and availability of pasture and consequent growth rate target for the group of animals. These studies, in which only those animals which did not achieve greater than 66% of the targeted growth performance were treated with anthelmintic, showed no reduction in flock mean growth rate compared to animals given traditional mass routine monthly preventative treatments, even though the number of drench treatments/lamb was reduced by more than 50%. This approach will in the longer term, facilitate the selection of "resilient" animals which perform in the face of larval challenge. Whether they do so because they can manage the nematode population with less immunopathology and anorexia is yet to be determined, as will be the consequences of any build up in magnitude of larval challenge. They have already demonstrated potential in slowing the build up of drug resistance in the nematode.
It should be said that these findings and approaches have been based on work with the nematodes of major economic importance in temperate regions and whose relationship with the host tends towards the commensal. With nematodes with a more exploitative and demanding relationship with the host, such as the haemotophagic nematode H. contortus, the situation may be very different. It is difficult to foresee a commensal relationship with this nematode and a strong and rapid immune response, though at significant cost to the host, may be a more successful one in the longer term. Consistent with this hypothesis, sheep with resistance to this nematode, for example the Red Masai, have notoriously poor productivity. Moreover, it is perhaps no coincidence that comparable studies to those with T. circumcincta and colubriformis have not shown production advantages from immune suppression in studies with H. contortus (Morley, 2006) . However, the TST approach outlined above of treating with anthelmintic on the basis of host impairment rather than FEC has already been established for some time in the FAMACHA technique (van Wyk & Bath, 2002) , treatment being based on the degree of anaemia observed on clinical observation and comparison with objective score against standardised eye charts, and proven to be quantitative and effective.
There is concern about whether TST approaches will work with Nematodirus spp. This nematode's ability to survive for long periods outside the host and very rapid development when climatic conditions are suitable (Pomroy, 1997) may mean that the host could be overwhelmed before detection in depression of performance. It is the nematode to which most rapid development of immunity is considered to occur (Dineen & Wagland, 1982) . Developing larval stages penetrate the sub-mucosal tissues of the host (Balic et al., 2000) ) probably to a greater degree than is the case with most economically important nematodes. If the extent of damage caused in this niche is particularly debilitating the evolutionary trade-off may have been a particularly strong immune response even at the risk of incurring damaging immunopathology. There is surprisingly no data on the nutritional pathology of Nematodirus spp. such as is available for infections with T.circumcincta or T. colubriformis/vitrinus, but sudden unexpected deaths of animals with evidence of strong intestinal inflammatory reactions suggest that the nutritional and metabolic costs of host immune responses need to be quantified. There is strong advocacy from 'Wormwise' a National Technical Advisory Committee on Parasite Control in New Zealand to obtain this information for the planning and development of TST strategies.
Conclusions
Pathology and loss of productivity in nematode infections is the result of host immune responses during the phase of acquisition of immunity. In the future whole flock or herd anthelmintic treatment approaches will be replaced by treatments specifically targeted only to those individuals whose performance is compromised by the evolving immune response. They will be based on the failure to meet performance targets calculated from available feed supplies rather than faecal egg count.
